A 5 KW CO 2 laser has been used to modify the surface microstructure of Al-Mg-Si aluminum alloy with pure Ni and Ni-Cr-B-Si powders. The experimental results indicate that a porosity-free zone can be generated after laser surface alloying (LSA). The Al 3 Ni particles were only observed in the LSA Ni sample. In the LSA Ni-Cr-B-Si sample, there are three regions indicated as surface region in the melt zone (region A), bottom region in the melt zone (region B), and amorphous phase in bottom region (region C) from the top to the bottom. In the region A, the Al 3 Ni particles are present and the Al 3 Ni 2 particles distributed in the region B. The partial Al-Ni-Cr amorphous structures are dispersed in the region C. And, the AlNi and Al 8 Cr 5 structures were observed in the interface of region B and C. The hardness of the LSA NiCr-B-Si sample is sharply increased than Al-matrix and Ni specimen, specifically the amorphous structure in region C is about 18 times higher than the Al-matrix.
Introduction
Aluminum alloys have been used extensively in many industries because of their excellent properties, such as high thermal conductivity, excellent workability and high specific strength. But some drawbacks, like low hardness, poor tribological properties and crevice corrosion resistance, still need to be improved. In the past decades, a considerable number of studies have been made on how to improve the surface properties of aluminum alloys, involving the electroplating, chemical plating, anodizing and thermal spraying. [1] [2] [3] However, these surface treatments are conventional techniques of low productivity, exhausting energy and intensive manpower. Recently, laser surface alloying (LSA) is successfully developed to improve the surface properties of various metals and alloys. LSA involves the processes of rapid melting, intermixing and solidification with different metals or ceramics. During the LSA process, several features need to be carefully controlled, such as the heat transfer, concentration gradient geometry and material segregation in the non-stationary condition. In fact, many researchers have carried out these studies and find that the LSA can indeed improve the surface mechanical/chemical properties of wear, [4] [5] [6] [7] corrosion 8, 9) and cavitation erosion resistance. 10, 11) The powder (Ni-Cr-B-Si) is commercially available and is often used on the surface treatments of ferrous alloys because of its several advantages, such as low melting temperature and high hardness. This powder has been successfully laser-clad or laser surface alloyed onto steels, 12) titanium alloys 13) and aluminum alloy. 14) One may notice that the Ni element in this powder has the same crystal lattice with Al, and hence the intermetallic compounds of Al 3 Ni, Al 3 Ni 2 , AlNi and Ni 3 Al are easily formed during the processes of laser cladding or laser surface alloy.
15) It has also been reported that the plasma-sprayed and laser-melted Ni-Cr-BSi layers have very fine grains and high hardness. 16) However, to the authors' best knowledge, there is no systematic investigation on the LSA Ni-Cr-B-Si on the Al-Mg-Si alloys. More experiments are necessary to be carried out to clarify the LSA characteristics on these aluminum alloys.
In this study, the pure Ni and Ni-Cr-B-Si powders are laser surface alloyed on the Al-Mg-Si alloys. The microstructures and surface properties of these LSA layers are systematically studied and compared. Meanwhile, the effect of Cr element on the laser-treated Ni-Cr-B-Si layers is also discussed.
Experimental Procedure
The chemical compositions of the substrate material are shown in Table 1 . The samples were machined into 80 Â 20 Â 5 mm 3 rectangular plates. Before LSA, the samples were sand blasted to increase the surface roughness and reduce the reflectivity of the laser beam. The chemical compositions of the Ni-Cr-B-Si powder are shown in Table 2 .
LSA was conducted with a 5 kW continuous transverse flow CO 2 laser. The laser beam diameter was 2.5 mm, the power density of the laser beam was 7:13 Â 10 4 W/cm 2 and the laser scanning velocity was 10 mm/s. The sample surface was protected by argon gas during LSA. The powders were delivered to the pool with a flowing rate of about 2 g/min by a powder feeding system, which own gravity without assistance from the argon gas. After LSA, the cross-section of the samples was carefully cut perpendicular to the direction of laser scanning. A foil thickness of 1.0 mm was cut from below the surface for TEM observation. After reducing the thickness to 20 um by grinding, TEM'specimen was made by ion miller. The observation and analysis of microstructure were made by a Hitachi S-4200 scanning electron microscope (SEM) and high resolution of Hitachi HF-2000 field emission transmission electron microscope (TEM). The compositions were analyzed by an EDS attached to the SEM with a probe size on the order of 10 nm and resolution of 1 mm. The hardness was measured by a Vickers Hardness Tester with a load of 50 g for 15 s. For each specimen, the average hardness value was calculated from at least five test readings.
Results and Discussion
Figure 1(a) shows the cross-section of the LSA Ni on AlMg-Si alloy. It is found that the porosity-free zone can be achieved but some cracks appear after LSA. Although Fu et al. 17) demonstrated that the addition of Ni element in the melted coating can reduce the cracking susceptibility and prevent the crack formation. But some cracks still appear in the LSA Ni on Al-Mg-Si alloy, as shown in Fig. 1(a) . The result of the experiment is that the microstructure of the LSA Ni on Al-Mg-Si alloy has the same form. A close look at the microstructure is shown in Fig. 1(b) , which is taken 0.5 mm depth from the surface of the pool in Fig. 1(a) . As shown in Fig. 1(b) , lots of precipitated particles are observed. These particles seem to precipitate along the grain boundaries of Al-Mg-Si matrix. The chemical compositions of these precipitated particles, which is the magnification of an arrow tip, are analyzed by EDS. The chemical compositions of precipitated particles are measured in 89.3%Al, 9.1%Ni, 0.4%Mg, 0.7%Si and 0.5%Cu (in mass%) by SEM/EDS. These precipitated particles are Al 3 Ni compounds according to the binary phase diagrams of Al-Ni. 15) More noteworthy is the content of Ni element be remained about 4.2 (in mass%). It is obvious that the less Ni element is melted into the AlMg-Si alloy by LSA. Later, we shall try to give amore precise account of the Ni element is less in the LSA Ni sample. Although Fu et al. 17) don't define how much content of the Ni element can be prevent the formation of the cracks. However, it seems to suppose that the content of the Ni element is not enough to completely remove cracks in the LSA Ni specimen. Figure 2 shows the cross-section of the LSA Ni-Cr-B-Si on Al-Mg-Si alloy. No cracks are observed in Fig. 2 and the morphology seems more complex than that in Fig. 1(a) for the LSA Ni sample. To avoid confusion, the three distinct regions indicated as surface region in the melt zone (region A), bottom region in the melt zone (region B), and amorphous phase in bottom region (region C) in Fig. 2 , are observed for the LSA Ni-Cr-B-Si sample. The SEM observations of regions A and B in Fig. 2 are shown in Fig. 3(a) and (b) , respectively. The eutectic microstructures with elongated particles in Fig. 3(a) and needle-like particles in Fig. 3(b) are clearly observed. The chemical compositions of these elongated particles are analyzed by EDS as follows; 88.9%Al, 10.0%Ni, 0.5%Mg and 0.6%Si (in mass%). On the other hand, the chemical compositions of these needle-like particles are analyzed by EDS as follows; 71.4%Al, 27.7%Ni, 0.3%Mg and 0.6%Si (in mass%). As calculated the rough atomic ratio of Al/Ni from the data, the elongated particles and the needle-like particles are about 3 and 1.5, respectively. Hence, the elongated particles in Fig. 3(a) are Al 3 Ni i compounds and the needle-like particles in Fig. 3(b) are Al 3 Ni 2 compounds according to the binary phase diagrams of Al-Ni. 15) These features indicate that the outer region A in the LSA Ni-Cr-B-Si sample has the same Al 3 Ni structure as that occurred in the LSA Ni sample, although the Al 3 Ni particles in Ni-Cr-B-Si sample are much larger than that in Ni sample. As reported in the previous, 16, 18) the B element can effectively reduce the melting temperature of Ni-Cr-B-Si powder and the Si element can increase the fluidity of the pool during LSA process. These features can increase the reaction probability of Al-Ni phases and hence, the quantity and particle size of Al 3 Ni structure in the LSA Ni-Cr-B-Si sample are much higher than those in LSA Ni sample. In the inner region B, the Al 3 Ni 2 compound is the main structure because the more slowly solidification rate lead to more Ni element can react with Al-Mg-Si matrix in this inner region. For reasons mentioned above, it can be explained the Ni element is less in the LSA Ni sample.
While the region C can be analyzed by SEM/EDS, the weak intensity was made the authenticity of the microstructure is doubtful. We support TEM analysis in order to understand the structure of region C. Figures 4(a), (b) shows the TEM micrograph and diffraction pattern of region C in Fig. 2 . The diffraction pattern shown in Fig. 4(b) exhibits a typical amorphous structure. The chemical compositions of this amorphous structure are measured to be in the range of 44-47%Al, 42-43%Ni, 9-13%Cr (in mass%) by TEM/EDS. Although the chemical compositions were unable to decide, it should be concluded that is Al-Ni-Cr amorphous structure. It has also been observed in the laser-treated Ni-Cr-B-Si specimen by Liang et al. 19) In addition to the regions of A, B, C, the interface between the region B and C is worthy to be more understood. Figure 5 exhibits a SEM micrograph showing the interface of region B and C with a thickness of about 4-5 mm. Figures 6 and 7 are showed the TEM micrographs and diffraction patterns of the particles in the interface. Figures 6(a), (b) show a TEM bright/dark field image of the interface, which many particles were existed in. The electron diffraction pattern, which is the magnification of an arrow tip in Fig. 6(b) , is well indexed as the simple cubic structure (s.c.) with. According to the indexing of Fig. 6(c) , the particles were found to be AlNi. Besides, tiny particles were cluster in the interface, which is closed to region C, as shown in the Fig. 7 . Figure 7(a) is the bright field image of the tiny particles and Fig. 7(b) is the diffraction pattern, which is the magnification of an arrow tip in Fig. 7(a) . According to the indexing of Fig. 7(b) , the particles are found to be Al 8 Cr 5 , which is rhombohedral structure. Figure 8 shows the concentration profile of Al, Ni and Cr elements versus the line from region B and C, as the line in Fig. 5 , of the LSA Ni-Cr-B-Si sample by EDX. From this figure, it is obvious that the content of Ni is increased from region B to the interface. It is due to depend on the cooling rate that can influence the diffusion gradient. The content of Ni is decreased and Cr is increased in the region C. It is due to the atomic radius of Cr is very similar to Ni. 20) They can form substitution solid solutions, in a large composition range, with Ni. Thus, we can postulate that the Cr atom mainly replace Ni in Al-Ni compounds. However, E. G. Noya et al. 21) also found the system Ni-Al fail to amorphize at conventional RQ rates (10 5 -10 6 K/s). Hence we don't observe amorphous structure in the LSA Ni sample. Table 3 shows the hardness of the matrix, LSA Ni and NiCr-B-Si samples. The hardness of the LSA Ni sample is slight higher than Al-matrix, because it is only existed tiny Al 3 Ni particles, which almost can't markedly effect on the hardness. On the other hand, the hardness of the LSA Ni-Cr-B-Si sample is obvious higher than the Al-matrix and LSA Ni sample, because it is existed in a larger number and various Al-Ni compounds (region A, B and C). The hardness of the region A is HV 180 and the region B is HV 535, which are approximately 3-9 times than the Al-matrix (HV 60). And, it indicates that hardness is increased with increasing of the contention of Ni. The highest hardness is occurred in region C that is the amorphous structure (about HV 1100), because of the greatest irregular arrangement of atoms on the structure in which large internal stress exists. The point to observe is that the Cr element not only enhances the hardness but also causes amorphize of region C.
Conclusions
LSA Ni and Ni-Cr-B-Si on the Al-Mg-Si alloy were investigated via the microstructural characterization, chemical composition and hardness testing. The following conclusions are considered as being important.
(1) The cracks are appeared in the LSA Ni on Al-Mg-Si alloy and is only found tiny Al 3 Ni particles in the pool. However, the Al 3 Ni aren't obvious increased the hardness. 
